B-doped Si͑001͒ films, with concentrations C B up to 1.7ϫ10 22 cm
I. INTRODUCTION
The use of disilane (Si 2 H 6 ) rather than silane (SiH 4 ) for Si͑001͒ gas-source molecular-beam epitaxy ͑GS-MBE͒ yields considerably higher deposition rates 1 due primarily to the fact that the Si-Si precursor bond is weaker than the Si-H bond. 2, 3 We have previously employed a combination of reflection high-energy electron diffraction ͑RHEED͒, electron-energy-loss spectroscopy ͑EELS͒, and scanning tunneling microscopy ͑STM͒ to determine the mechanism and kinetics of Si GS-MBE from Si 2 H 6 . [2] [3] [4] [5] [6] [7] Film deposition rates R are well described over wide ranges of incident Si 2 H 6 fluxes and growth temperatures T s ͑500-950°C͒ using a model, with no fitting parameters, based upon dissociative Si 2 H 6 chemisorption followed by a series of surface decomposition reactions with the rate-limiting step being first-order hydrogen desorption from Si monohydride. 3 The incorporation probability of B from B 2 H 6 in GS-MBE Si͑001͒ has been shown to increase linearly with increasing B 2 H 6 /Si 2 H 6 flux ratio and decrease exponentially with inverse film growth temperature. 8, 9 B was incorporated into substitutional electrically active sites at concentrations C B up to the highest value investigated, 2ϫ10 19 cm
Ϫ3
, with no measurable effect on film growth rates R. 8 However, even higher B concentrations are of current interest in device fabrication for use as emitter layers in Si bipolar transistors, 10 base layers in Si/Si 1Ϫx Ge x heterostructure bipolar transistors, 11 source and drain regions in metal-oxidesemiconductor transistors, 12 and as selectively grown epitaxial zero-level metallization. 12 Very highly doped Si:B/ Si͑001͒ heterostructures are also of interest for investigating strain relaxation mechanisms in layers under tension. 13 Reported B equilibrium solid solubilities in Si range from 8ϫ10 20 cm Ϫ3 at 1400°C ͑Ref. 14͒ to Ӎ1 -1.5 ϫ10 20 cm Ϫ3 at 1000°C ͑Refs. 15 and 16͒ and 2 ϫ10
19 cm Ϫ3 at 700°C. 16 B in Si͑001͒ is known from combined ion channeling, cross-sectional transmission electron microscopy, and electrical measurements, 17 as well as more recent STM analyses, 18, 19 to locate in the second atomic layer with a saturation coverage of 0.5 ML. The highest reported fully substitutional B concentration in GS-MBE Si͑001͒ is 5ϫ10 20 cm
, obtained at T s ϭ600°C.
20
In this article, we present the results of experiments utilizing in situ D 2 temperature-programed desorption ͑TPD͒, reflection high-energy electron diffraction, and Auger electron spectroscopy ͑AES͒ to determine B surface coverages B as a function of C B (5ϫ10 16 . At even higher B concentrations, an additional TPD peak is observed due to the presence of surface B-H bonds. Measured segregation ratios, r B ϭ B /x B , where x B is the bulk B concentration fraction, range from 50 to 1200 and the segregation enthalpy was determined to be Ϫ0.53 eV. Calculated R(C B ,T s ) curves, based upon the TPD results, exhibit good agreement with deposition rate data.
II. EXPERIMENTAL PROCEDURE
All films were grown in a multichamber ultra-highvacuum system, described in more detail in Ref. 8 , evacuated using a combination of ion and turbomolecular pumps to provide a base pressure of Ӎ5ϫ10 Ϫ11 Torr. The film growth chamber, equipped with a RHEED apparatus and a quadrupole mass spectrometer ͑QMS͒, is connected through the transfer chamber to an analytical station containing provisions for AES, EELS, low-energy electron diffraction, and TPD. The final system chamber contains a scanning tunneling microscope.
B-doped Si͑001͒ films, 0.12-0.20 m thick, were grown from Si 2 H 6 and B 2 H 6 molecular beams delivered to the substrate through individual directed tubular dosers located 3 cm from the substrate at an angle of 45°. The dosers are coupled to feedback-controlled constant-pressure reservoirs in which pressures are separately monitored using capacitance manometers whose signals are, in turn, used to control variable leak valves. Valve sequencing, pressures, gas flows, and substrate temperature are all computer controlled.
The Si͑001͒ substrates were 1ϫ3 cm 2 plates cleaved from 0.5 mm thick n-type ͑resistivityϭ23-28 ⍀ cm, n ϭ1 -2ϫ10 14 cm
Ϫ3
͒ wafers. The initial cleaning consisted of degreasing by successive rinses in trichloroethane, acetone, propanol, and deionized water. The substrates were then subjected to four wet-chemical oxidation/etch cycles consisting of the following steps: 2 min in a 2:1:1 solution of H 2 O:HCl:H 2 O 2 , rinse in fresh deionized water, and a 30 s etch in dilute ͑10%͒ HF. They were blown dry in dry ultrahigh-purity N 2 , exposed to a UV/ozone treatment, which consists of UV irradiation from a low-pressure Hg lamp (15 mW cm
Ϫ2
) for 30 min in air to remove C-containing species, 22 and introduced into the deposition system through the transfer chamber where they were degassed at 600°C for 4 h, cooled to 200°C, and then rapidly heated at Ӎ100 deg s Ϫ1 to 1100°C for 2 min to remove the oxide. The pressure never exceeded 5ϫ10 Ϫ9 Torr. RHEED patterns from substrates subjected to this procedure were 2ϫ1 with sharp Kikuchi lines. No residual C or O was detected by AES.
The as-deposited B-doped Si͑001͒ layers were transferred to the analytical chamber, heated to 700°C for 10 s to desorb surface hydrogen, and then cooled to 200°C. D 2 was delivered through a doser identical to those in the growth chamber and a hot W filament in the gas stream was used to crack the gas. All films were exposed to saturation D coverages. The TPD measurements were performed in the analytical chamber with the sample placed 2 mm from the 5 mm diam hole in the skimmer cone of a heavily differentially pumped Extrel QMS. Samples were heated at a linear rate, typically 2°C s
Ϫ1
, by direct current while the temperature was determined by a thermocouple calibrated using an optical pyrometer and desorption intensities were collected by computer. Deuterium was employed rather than hydrogen in order to suppress the background signal. Neither the flash heating for H desorption nor the TPD experiments themselves had any measurable effect on B segregation, as shown by the fact that B/Si AES ratios remain constant and successive TPD measurements yield identical results.
Deposited film thicknesses were measured using microstylus profilometry while B concentrations in as-deposited layers were determined using a Cameca IMS-5F secondary ion mass spectrometer ͑SIMS͒ operated with a 10 keV O 2 ϩ primary ion beam to detect 11 B. Quantification was carried out by comparison to B ion-implanted bulk Si standards yielding an experimental uncertainty of Ϯ10%. Other than intentionally introduced B, the films contained no detectable impurities.
High-resolution x-ray diffraction ͑HR-XRD͒ measurements were performed using a four-axis diffractometer with a Bartels four-crystal Ge monochromator and an Euler sample cradle with independent computer-controlled drive of all sample rotation angles. Cu K␣ radiation with an angular divergence Ͻ12 arc s and a wavelength spread of ϳ2 ϫ10 Ϫ5 was incident at an angle with respect to the sample surface. Reciprocal space maps were constructed by carrying out successive -2 scans, centered at different values of , in the triple axis mode. 23 Plan-view and cross-sectional transmission electron microscopy ͓͑TEM͒ and ͑XTEM͔͒ examinations were carried out in a Phillips CM120 microscope operated at 120 kV while high-resolution lattice images were obtained at 300 kV using a Hitachi H9000 microscope. Sample preparation for TEM and XTEM investigations followed the procedure described in Refs. 3 and 8.
III. RESULTS

A. Film growth
Doped Si͑001͒ layers, 0.12-0.20 m thick, were grown at T s ϭ500-800°C with B concentrations C B between 5 ϫ10 16 and 1.7ϫ10 22 cm
Ϫ3
. Typical zero-order Laue-zone RHEED patterns are shown in Fig. 1 . Films grown at T s р600°C with C B Շ5ϫ10
19 cm Ϫ3 exhibited 2ϫ1 patterns consisting of well-defined diffraction spots, rather than streaks, with sharp Kikuchi lines and essentially equi-intense fundamental and half-order reflections. The layer surfaces were thus atomically smooth with relatively large terraces. The RHEED pattern in Fig. 1͑a͒ is from a film grown at T s ϭ550°C with C B ϭ8.5ϫ10
19 cm
. At higher B concentrations, the reflections become more streaky, as shown in Fig.  1͑b͒ for a film with C B ϭ2ϫ10 21 cm Ϫ3 (T s ϭ550°C), the fundamental rods broaden, the half-order to fundamental rod intensity ratio decreases, and the amount of diffuse scattering increases; all are indicative of increased atomic-scale surface roughening.
RHEED patterns from films grown with C B տ5ϫ10
19 cm Ϫ3 at T s ϭ700°C and տ1ϫ10 19 cm Ϫ3 at 800°C exhibit, in addition, indications of larger-scale surface roughening. An example is presented in Fig. 1͑c͒ for a film with C B ϭ3.5ϫ10 20 cm Ϫ3 (T s ϭ800°C). Streaks, inclined with respect to the surface normal at angles of 25.2°, signifying the presence of ͕113͖ facets, are visible emanating from the tops and bottoms of both fundamental and halforder diffraction rods. ͕͑113͖ facets have also been observed by XTEM in B-doped solid-source MBE Si films grown at T s ϭ600°C with C B Ͼ1ϫ10 17 cm
.͒ 24 With still higher B concentrations, C B Ͼ10
21 cm
, three-dimensional transmis-sion diffraction patterns were observed at T s у700°C, indicating an extremely rough surface. A typical result is shown in Fig. 1͑d͒ . TEM, XTEM, and HR-XRD reciprocal lattice mapping revealed no indication of dislocations or other extended defects in films with C B Ͻ5ϫ10 20 cm
. The primary defects observed in films with higher B concentrations were ͕111͖ stacking faults. Figure 2 shows undoped GS-MBE Si͑001͒ growth rates as a function of temperature for a Si 2 H 6 flux J Si 2 H 5 ϭ2.2ϫ10 16 cm Ϫ2 s
Ϫ1
. The curve follows the general form expected for chemical vapor deposition in which R saturates at high temperatures in an impingement-fluxlimited growth mode, while at low temperatures R decreases exponentially with 1/T s indicative of surface-reaction-limited growth. For the Si 2 H 6 flux used in the present experiments, temperature ranges for flux-limited and reaction-limited regimes are T s տ750°C and T s Շ625°C, respectively. The calculated curve in Fig. 2 shows that the undoped R(T s ) data are well described by a model, developed in Ref. 3 , based upon dissociative Si 2 H 6 chemisorption followed by a series of surface decomposition reactions with the rate-limiting step being first-order hydrogen desorption from Si monohydride. The model contains no fitting parameters.
We find, in agreement with Ref. 8 , that the use of B 2 H 6 to provide B doping at concentrations up to Ӎ10
19 cm Ϫ3 has no significant effect on GS-MBE Si growth rates. However, concurrent B doping during GS-MBE Si͑001͒ with incident B 2 H 6 /Si 2 H 6 flux ratios greater than Ӎ0.005, corresponding to C B տ1.5ϫ10
19 cm Ϫ3 at T s ϭ550°C to 1ϫ10 20 at 800°C, decreases the negative slope of R(T s ) in the surfacereaction-limited regime. This has the effect of increasing R at low growth temperatures and decreasing it at higher temperatures, as shown in Fig. 2 . In the more than 60 films grown for these experiments, there was no measurable B segregation in layers with C B Շ2ϫ10 18 cm
Ϫ3
. SIMS profiles from these layers are essentially flat with the leading and trailing edges abrupt to within the experimental resolution, 8 nm per concentration decade. At higher B concentrations, however, significant B segregation is observed. The B incorporation probability during Si film growth is initially depressed, giving rise to SIMS profiles with ''missing'' B at the back side, as B accumulates at the surface until a steady-state ratio r B of the surface-to-bulk B fractions is achieved. The value of r B depends upon T s , R, and J B 2 H 6 . After turning off the B 2 H 6 flux, the excess B at the surface acts as a reservoir to continue doping what was intended to be undoped buffer layers. A comparison of the widths of the profiles in Fig. 4 clearly shows, in agreement with the results in Fig. 3 , that the Si deposition rate at 600°C decreases with increasing C B at high J Si 2 H 6 /J B 2 H 6 ratios.
B. TPD measurements
Typical D 2 TPD results from B-doped Si͑001͒ films are reproduced in Figs. 5 and 6. Spectra from films with B concentrations less than Ӎ1ϫ10 18 cm Ϫ3 ͓see, for example, Fig.  5͑a͔͒ are identical to those from clean Si͑001͒ surfaces. 21 They consist of two peaks, labeled ␤ 2 and ␤ 1 , due to desorption from the 1ϫ1 dideuteride phase and the 2ϫ1 monodeuteride phases, respectively. The peaks are centered at 405 and 515°C. While ␤ 2 desorption is second order, ␤ 1 follows first-order kinetics, except at very low deuterium coverages D Ͻ0.1 ML, 25 due to -bonding-induced pairing of dangling bonds on single dimers. 26 At higher B concentrations, the TPD spectra change dramatically. The D 2 desorption onset temperature is reduced, the desorption features are broadened indicative of the presence of additional peaks, the high-temperature feature decreases in intensity while the low-temperature feature increases, and the total integrated area under the peaks decreases. Figures 5͑b͒, 5͑c͒ 
Ϫ3
, respectively. The positions of the ␤ 1 and ␤ 2 peaks remain constant while two new peaks emerge, one at low temperature and one between the ␤ 1 and ␤ 2 peaks. The new low-temperature peak reduces the deuterium desorption onset temperature from 320°C for Si͑001͒ with C B Շ1ϫ10
18 cm
to Ӎ250°C with C B ϭ5.3ϫ10 20 cm
. Similar results were obtained with Si͑001͒:B films grown at 600°C except for an increase in the intensity ratio between the high-temperature and lowtemperature features and in the total integrated area under the peaks. Thus, the 600°C spectra are essentially identical to 550°C spectra obtained from samples with lower B concentrations. An example TPD spectrum from a T s ϭ600°C film with C B ϭ4ϫ10
19 cm Ϫ3 ͓compare with Fig. 5͑c͔͒ is shown in Fig. 5͑f͒ .
TPD spectra from layers with C B Ͼ1ϫ10 19 cm Ϫ3 grown at higher temperatures follow the general trends observed in 600°C samples, but become increasingly distorted as T s is increased. Figure 6 shows TPD spectra from 800°C films with C B ϭ2ϫ10 19 , 1.2ϫ10 20 , 3.5ϫ10 20 , and 1.5 ϫ10 21 cm
. The high-temperature TPD features are much wider than those observed at lower growth temperatures and overlap the low-temperature TPD features. In addition, at B concentrations տ10 21 cm
, a new peak emerges near 300°C and continues to increase in intensity. This peak strongly resembles the TPD feature in Fig. 7 . The deposition time for each layer was constant at 1 h.
C. Calculated TPD spectra
All TPD spectra from B-doped epitaxial Si͑001͒ layers were fitted using the standard Polanyi-Wigner analysis in which the desorption rate d D /dT is expressed as
͑1͒
where is the attempt frequency, D is the instantaneous D coverage, n is the order of the desorption reaction, is the sample heating rate, E a is the desorption activation energy, and k is Boltzmann's constant. At high pumping speeds,
for first-order desorption and
for second-order desorption. 0 in Eqs. ͑2͒ and ͑3͒ is the initial coverage and I(T) is given by 21 The agreement between measured and calculated spectra is very good except at high temperatures where the measured curves for both bulk Si͑001͒ and the Si͑001͒:B films are higher than the calculated curves due to the fact that ␤ 1 desorption deviates from first-order kinetics at low deuterium ͑and hydrogen͒ coverages. , were also well fit using the above parameters except at the low-temperature side where they exhibited an additional peak centered near 300°C ͓see, for example, Figure 5͑e͔͒ . We believe that this new feature is an indication that the surface B coverage has exceeded the saturation value sat,B of 0.5 ML and is due to desorption from surface B-D bonds consistent with the D 2 TPD spectra in Fig. 7 from an amorphous B film on Si.
At T s ϭ700 and 800°C with C B տ5ϫ10 19 and 1 ϫ10 19 cm
Ϫ3
, respectively, where RHEED patterns from Si͑001͒ layers reveal the existence of 113 facets, the TPD spectra are more complex, as shown in Fig. 6 . These results could not be fit with the same four peaks. The measured high-temperature features were much wider than ␤ 1 , and the ␤ 2 * peak position did not match the low-temperature feature.
Further attempts to fit these spectra would have to include desorption from 113 facets. The unreconstructed Si͑113͒ surface consists of alternating single-atom-wide 001 and 111 steps in the ͓332͔ direction while the reconstructed Si͑113͒ 3ϫ2 surface is composed of dimers along ͓110͔ on 001 steps and adatoms rebonded across 001 and 111 steps. 30 There are no reported hydrogen desorption results for Si͑113͒.
D. B surface coverage
At all growth temperatures investigated, the total integrated TPD intensity decreased with increasing C B . Examples were presented in Fig. 5 for T s ϭ550°C. These results show that the saturated deuterium coverage decreases with increasing B concentration in the films. This is due to the rapid decrease in ␤ 1 while the integrated intensity under ␤ 1 * increases slowly with increasing C B . Ion channeling, cross-sectional transmission electron microscopy, and electrical measurements 17 together with STM analyses, 18, 19 have shown that trivalent B atoms deposited on Si͑001͒ move, primarily due to their smaller size, 21 to the second atomic layer and have a saturation coverage of 0.5 ML. Based upon STM results, 18, 19 the primary B-induced Si͑001͒ surface reconstruction at high coverages is a c4ϫ4 structural subunit containing four second-layer B atoms, two first-layer Si dimers having B backbonds, an unmodified first-layer Si dimer with Si backbonds, and a dimer vacancy. Thus, the decrease we observe in ␤ 1 with increasing B concentration can be understood as being due to both B-induced dimer vacancies and a decrease in the dangling-bond density associated with Si dimers having Si backbonds, while the increase in ␤ 1 * is due to the rising number density of Si dimers with B backbonds.
The overall decrease in D with increasing C B , and, hence, B , is caused by two primary factors. The first is simply the fact that the Si dimer vacancy population increases in direct proportion to B . This effect is exacerbated, however, by the partial deactivation of Si* ͑where Si* signifies a B-backbonded Si adatom͒ dangling bonds resulting from charge transfer from Si* adatoms to subsurface B, similar to the case for B/Si(111))ϫ) in which charge transfer was deduced from tunneling spectra. 31 The Si-B bond length, 2.0-2.1 Å, 32 is considerably shorter than Si-Si, 2.35 Å, and B has both a higher electronegativity than Si and an empty sp 3 orbital. Using measured ␤ 1 and ␤ 1 * integrated TPD peak intensities from bulk Si͑001͒ wafers with known B coverages, 21 we find that approximately one dangling bond per Si* dimer is deactivated.
The deactivation of Si dangling bonds reduces the tendency for D atoms to pair up on single dimers and, thus, leads to the observed second-order ␤ 1 * desorption kinetics.
The lower activation energies measured for deuterium desorption from Si*-D and Si*-D 2 compared to Si-D and Si-D 2 result from the combination of Si*-B-backbond charge transfer and the additional strain in Si* dimers.
Based upon the ordered c4ϫ4 B subunit described above, the normalized coverage n,Si of surface Si dimer atoms with Si backbonds decreases with increasing B as 
͑5͒
and is represented by the solid line in Fig. 8 . At the same time, the normalized coverage n,Si * associated with Si* dimer atoms increases from 0 to 0.50. However, since approximately half of these latter dangling bonds are deactivated, the effective value of n,Si * is n,Si * Ӎ0.5 B , ͑6͒
as given by the dashed line in Fig. 8 . The normalized integrated intensities under the ␤ 1 and ␤ 1 * TPD peaks I n,␤ 1 and I n,␤ 1 * are also plotted in Fig. 8 . B coverages, in this case, were obtained by setting the measured ratio I n,␤ 1 * /I n,␤ 1 ϭ n,Si * / n,Si . The results show that ␤ 1 and ␤ 1 * TPD intensities from Si:B films grown at constant T s vary linearly with B and exhibit good agreement with n,Si ( B ) and n,Si * ( B ), respectively. There is, however, a tendency for the calculated values of n,Si and n,Si * to slightly overestimate I n,␤ 1 and I n,␤ 1 * as the B coverage approaches saturation. This is due primarily to the fact that the B-induced c4ϫ4 subunit also exists, although with lower probability, in other polymorphs, 19, 20 and the overall fraction of deactivated Si* dangling bonds is actually a bit less than half.
Using the data in Fig. 8 , the B surface coverage B was plotted as a function of the bulk B concentration C B , obtained from SIMS measurements. Figure 9͑a͒ shows results for T s ϭ550°C. Saturation B coverage, B ϭ0.5 ML, is obtained at C B Ӎ5ϫ10 20 cm
Ϫ3
with T s ϭ550°C and J Si 2 H 6 ϭ2.2ϫ10
16 cm
. Estimates of second-layer B surface coverages in samples for which there was no TPD evidence for B in the first atomic layer ͑i.e., B р sat,B ͒ were obtained by AES, using the B KL 2 L 2 ͑178 eV͒ and Si L 2,3 VV ͑92 eV͒ lines, for comparison to B values obtained by TPD. AES sensitivity factors and electron escape lengths were taken from Ref. 33 and calibration was provided using a Si(111))ϫ) test sample which was known to have 0.33 ML of B in the third layer. 34 In analyzing the data, two limits were considered. In the first case, the B concentration in the bulk film is assumed to be constant and equal to C B with excess segregated B located only in the second atomic layer. In case two, the excess B is evenly distributed in the second and third atomic layer. Both sets of results are shown in Fig. 9͑b͒ and indicate, based upon the TPD data, that the majority of segregated B is in layer 2 with an increasingly smaller fraction of excess B in subsequent layers. 37 obtained ⌬H s ϭϪ0.33 eV in Si͑111͒:B. In the latter case, the enthalpy was estimated using uncalibrated peak-to-peak AES measurements which, based upon our own AES results, tend to underestimate B and, hence, ͉⌬H s ͉. Other comparable results for segregating species in solid-source MBE Si͑001͒ include the group-IV alloying element Ge, ⌬H s ϭϪ0.28 eV, 38 and oversize group-III and group-V dopants, In (⌬H s ϭϪ0.85 eV) ͑Ref. 39͒ and Sb (⌬H s ϭϪ1.2 eV). 35 At elevated growth temperatures, dopant surface segregation approaches equilibrium values and r B decreases with increasing temperature, while at low temperatures, where the segregation rate is of the order of or less than the film growth rate, segregation becomes kinetically limited and r B (T s ) decreases with decreasing temperature. 35 The transition T* between kinetically limited and equilibrium dopant segregation decreases with decreasing film growth rate. 35 For solidsource MBE Si:B, T* was found to range from 650°C with Rϭ1 m h Ϫ1 to 600°C at Rϭ0.36 m h
IV. DISCUSSION
Ϫ1
. 40 The present case is more complex since the steady-state hydrogen coverage H (T s ,R) during GS-MBE also affects the B segregation rate. Nevertheless, using the solid-source MBE results as a guideline and accounting for the relatively low Si 2 H 6 fluxes used in these experiments ͑J where S Si 2 H 6 is the Si 2 H 6 reactive sticking probability, 0.036, 3 and db is the dangling-bond coverage. For Si:B film growth, we neglect the direct volume contribution of B to the film deposition rate since x B is always less than 0.1 and for most cases of interest, less than 0.002. However, as discussed above, the presence of second-layer B atoms affects the total dangling-bond coverage, which can be expressed as db ϭ f n,Si ϩ f * n,Si * ,
͑10͒
in which f and f * are the site fractions of Si and Si* which are unoccupied by H. From Eqs. ͑5͒, ͑6͒, and ͑8͒, Combining Eqs. ͑9͒-͑12͒, the growth rate of Si:B is given by
͑13͒
The term f in Eq. ͑13͒ can be expressed as a function of temperature during steady-state film growth, ϭ550, 600, 700, and 800°C. These values are expected to be underestimates, primarily due to the rapid heating rate during TPD. Nevertheless, R versus C B curves calculated from Eqs. ͑13͒ and ͑14͒ using these values exhibit good agreement at T s р600°C, while at higher temperatures, the calculated curves, although they exhibit the correct shape, yield growth rates that are too low. Best fits were obtained using f *ϭ0.81, 1.0, 1.4, and 2.2. These results, shown for 200 nm thick films in Fig. 3 , agree very well with the experimental data. The necessity of using f * values increasingly larger than unity to describe film growth kinetics at T s у700°C is due to the presence of the ͕113͖ facets giving rise to higher surface site densities. In addition, the 113 surfaces can be expected to exhibit different Si 2 H 6 reactive sticking probabilities and, as shown by the TPD spectra in Fig. 6 , different B and Si*/Si site distributions. Equations ͑13͒ and ͑14͒ were also used to calculate Si:B film growth rates as a function of temperature with C B constant. f *(T s ) values were obtained from an equation similar to Eq. ͑14͒, but written ͑see Appendix͒ to account for the second-order desorption kinetics observed for ␤ 1 * , f *ϭ ͩ1ϩ ͱ . The overall fit, even at high growth temperatures where 113 facetting requires the use of f * values greater than 1, is reasonable.
The above analysis shows, as expected from the shape of the Si:B R(T s ) curve in Fig. 2 and the TPD results, that the activation energy for hydrogen desorption from Si* surface atoms with B backbonds during steady-state film growth is significantly lower than from Si-backbonded surface atoms. That is, second-layer B atoms, whose concentration is enhanced by segregation, weaken surface Si-H bonds. Thus, in the lower-temperature T s р550°C surface-reaction-limited growth regime where steady-state H coverages are high, R increases with increasing C B , as shown in Figs. 2 and 3 . At higher temperatures, corresponding to much lower steadystate H values, the deactivation of Si dangling bonds increasingly becomes the dominant effect of second-layer B atoms and, thus, R decreases with increasing C B . Note that in the flux-limited regime, where R remains essentially constant for pure Si growth, it continues to increase for Si:B. This is due to a decrease in B (T s ) at high temperatures and the presence of the 113 facets.
V. CONCLUSIONS
We have shown that at high B doping concentrations in Si͑001͒ films, ordered B subunits in the second layer weaken surface Si-H bonds while deactivating Si dimer dangling bonds during film growth. These effects are exacerbated by the strong tendency for B segregation giving rise to steadystate segregation ratios r B up to 1200 at 550°C. The segregation enthalpy ⌬H s was determined to be Ϫ0.53 eV. These results were used to model the effects of high B doping on Si:B GS-MBE growth kinetics. R increases with increasing C B у2ϫ10
19 cm Ϫ3 at T s р550°C, where steady-state H coverages are high, due to B-enhanced H desorption rates. At T s у600°C, corresponding to much lower steady-state H values, R decreases due to B-induced deactivation of Si dangling bonds.
